This article describes heat flow meter measurements and transient thermal modelling (using ANSYS) of a webbed, hollow-cored panel located between silicone sponge buffer materials chosen to provide boundary conditions comparable to standard surface coefficients. Panel surface temperatures were also measured at eight locations to record the thermal measurement as a temperature step function following isothermal stabilization. An uninsulated configuration was studied as well as cases with different levels of bulk insulation filling the panel cores. Measured and modelled temperature-time plots agreed well after corrections for web and airspace thermal conductivity. Modelled spatial variation in heat flow exceeded 200% for one insulated case but was only about 2% for the uninsulated panel. Modelled values for heat flux and overall thermal resistance agreed well with standard analytical calculations. However, heat flows indicated by the apparatus were consistently higher than the modelled and calculated values by up to 8%, expected to be due at least partially to specimen non-homogeneity. Nevertheless, results suggest a useful role for the apparatus in providing temperature measurement under controlled conditions, helping to validate thermal modelling as a potential alternative to hot box measurement for non-homogeneous assemblies.
Introduction

Measurement of non-homogeneous specimens
In contrast to routine measurements, thermal testing laboratories are likely encounter non-standard or atypical specimens, for which a preliminary challenge may lie in deciding whether or not measurement is even practical. For products with an emphasis on structural, weatherproofing or fire performance, other properties that might be desirable to facilitate thermal measurement, such as flatness or compositional uniformity, might have been secondary considerations in development of the design.
The most common methods for measurement of thermally insulating materials are the guarded hot plate and the heat flow meter methods, represented by the standards ASTM C177 (ASTM, 2013) and ASTM C518 (ASTM, 2015) , respectively. However, it is only the hot box methods described in ASTM C1363 (ASTM, 2011 ) that accommodate specimens with significant non-homogeneity. The reason for this distinction relates to the fact that hot box methods have provision to measure the air temperature on either side of a large specimen, allowing a value of total (overall) thermal resistance, including surface heat transfer coefficients, to be determined. ASTM C1363 allows for a variety of airflow regimes depending upon the intended application of the panel under test. Temperature probes (usually thermocouples) may be located within a baffle spaced away from the surface. The intent is that the air temperature measurements will provide an inherent spatial averaging. However, depending on air velocity, boundary layer development and other factors, temperature sensors may tend to provide an averaging that is weighted towards the upstream rather than the adjacent heat flow. Non-uniform heat flows will also result in non-uniform temperatures, making it much harder to measure temperature distribution with sufficient spatial precision to be confident that the average heat flow through the other five surfaces of the metering box is zero (Kosny and Childs, 2002) . Such temperature differences are a primary source of systematic error.
In contrast, the guarded hot plate and heat flow meter methods operate with the test specimen in direct contact with isothermal plates. This configuration requires a uniform specimen. In the case of a guarded hot plate method, the arrangement of heating wires and cooling coils is aimed at providing isothermal conditions when there is a uniform heat flow distribution from plate to plate through the test specimens. As is noted in the standard, deviations from this ideal situation may be caused by specimen inhomogeneity. Constructions with very high lateral thermal conductivity (using metal-faced plates) may minimize the temperature non-uniformity that such specimens might cause. At the same time, high lateral conductance means that there may be high lateral heat flows, and consequent errors, even with low spatial temperature variation. In a way analogous to the hot box, hot plate temperature non-uniformities make it harder to measure the temperature difference across the gap between metering and guard areas with sufficient precision to be confident that the mean value is zero (as required to avoid systematic error).
The heat flow meter apparatus has a different mode of operation, relying instead on the output of one or more calibrated heat flux transducers (HFTs), generally located within the central 'metering' area of a pair of plates. Uniform location of thermopile elements within the transducer is not strictly required for measurement of a uniform specimen. Rather, there might be a variety of arrangements of small thermopile elements dispersed through the length and width to provide a representative signal, chosen for design and manufacturing reasons (Miyake and Eguchi, 1985) . Therefore, if heat flow is non-uniform, not only might the plates no longer be isothermal but in addition the HFT output might not represent a true average value, depending on the exact location of these sensing elements (Bomberg and Solvason, 1983) .
There is very little discussion in the literature on the performance of HFTs under conditions of non-uniform heat flow. The standard presumption is that the devices are intended only for uniform heat flow, although at the same time it is accepted that many thermal insulation materials have some inherent variability (De Ponte, 1985) . The use of larger apparatus with larger HFTs is partly to achieve higher sensitivity and allow thicker specimens but it is also favoured because of the expectation that a larger HFT will 'average' the readings over a larger area (Bomberg, 1994; Tye et al., 1987) .
De Ponte and Maccato (1980) and Trethowen (1986) also note that certain thermopile designs are sensitive to lateral temperature gradients, adding an extra dimension to the potential errors arising from heat flow being non-uniform in the direction of interest. Graves and Yarbrough (1993) describe the use of an array of smaller HFTs in order to characterize inhomogeneous materials, such as those affected by ageing which tends to be more significant closer to the edges. However, each HFT is assumed to occupy a zone in which heat flow is at least approximately uniform.
Indications from a webbed panel
We undertook thermal measurements on a novel building panel attempting to combine strength, low cost and ease of construction. The design was based on a pair of fibre-reinforced magnesium oxide (MgO) boards spaced 150 mm apart and joined by webs of similar material at 124 mm spacing, leaving hollow cores. A heat flow meter apparatus was available to us. We proceeded on an exploratory basis, recognizing that as a non-uniform specimen, it would lie outside the normal scope of the heat flow meter method. However, the regular 124 mm web spacing was of smaller dimension than the 254 mm square HFTs, suggesting that non-uniformity might not be severe, especially since the webs and the open cores were not greatly different in estimated thermal resistance. It was also apparent that the simple repeating geometry of the panel (Figure 1 ) afforded the prospect of re-measurement after moving it laterally some set fraction of the web spacing. This could be expected to produce a varying HFT output if it was sensitive to spatial variation in heat flow. A set of three such measurements was performed, moving the panel one quarter of the web spacing (31 mm) between each. There was no apparent non-uniformity effect. The results were almost identical. An analysis of the panel aimed at explaining these results was initiated since they had implications for understanding the limitations of the heat flow meter method.
Specifying the properties of a partitioned airspace
In a thermal analysis of the panel, the airspace cavities are the largest overall source of uncertainty. Determination through numerical methods is complex and it is usual to refer to tabulations and correlations in industry handbooks. These provide effective thermal resistance values relevant for larger (un-partitioned) building airspaces and are most-commonly derived from the hot box measurements made by Robinson and Powlitch (1954) . Tabulated values are available for single airspaces up to about 100 mm thick with certain configurations of orientation, temperature difference, surface emittance and thickness. Non-reflective materials are typically assumed to have an emittance of 0.9. For a horizontal airspace with heat flow upwards and typical temperature conditions, such an airspace is rated to have a thermal resistance of about 0.150 m 2 K/W. Yarbrough (1983) developed polynomial fits for these data with emphasis on a computation procedure that was efficient for multi-layered reflective insulation products (although it demonstrated that these products generally underperformed relative to predictions). Han et al. (1986) used 2D finite difference modelling, which provided mixed agreement with experimental values and did not explain the underperformance of multiple airspaces. Desjarlais and Yarbrough (1991) developed an alternative data-fitting procedure which allowed some extrapolation of the Robinson and Powlitch data for greater thickness. They benchmarked their calculations against recent experimental work reported by Desjarlais and Tye (1990) which included multiple-airspace measurements. Agreement was excellent for single airspaces but multiple airspaces continued to be poorly predicted, not being simply additive. Fricker and Yarbrough (2011) reported ongoing use of their software based on the Robinson and Powlitch data. This work deals with cavities of large extent, not the closely spaced webs of the test panel.
Several recent studies of heat transfer across smaller voids and airspaces have employed computational modelling. Pavlı´k et al. (2014) and Sambou et al. (2016) took this approach in considering sideways heat flow through hollow bricks. Gossard et al. (2012) developed the Nusselt number correlations for small rectangular cavities, as found in hollow blocks, also considering horizontal heat flow, under conditions where the Nusselt number remained under 4. In one of a series of publications, each devoted to a particular heat flow direction, Saber (2013) studied upwards heat flow through airspaces of different aspect ratios (equivalent to partitioned airspaces with different partition spacing) based on numerical simulation. His analysis considered specific cases of temperature, thickness and aspect ratio but also proposed correlation equations to cover a wider range of values. Although the highest thickness considered was 90 mm, results were insensitive to airspace thickness for heat flow upwards with non-reflective surfaces and thus can be extrapolated. There was a small increase in thermal resistance associated with reducing aspect ratio although at 200 mm minimum partition spacing for 90 mm thickness, the lowest aspect ratio was still considerably higher than the webbed panel. From Saber's plots summarizing his analysis, the airspace thermal resistance with this web spacing would be 0.162 m 2 K/W. The appendix of ISO 6946:2007 ISO 6946: (2007 provides a simplified calculation method for airspace thermal resistance which can accommodate closely spaced webs. It uses a simple derivation of convective heat transfer coefficient according to temperature difference and employs the aspect ratio in the calculation of view factors for determining the radiative transfer. Using an estimated temperature difference across the airspace for typical testing conditions, the airspace thermal resistance according to ISO 6946 is calculated to be 0.174 m 2 K/W, with a Nusselt number of about 12. This value was adopted as a starting point for analysis.
Method
Overview
Studying the issues arising in measurement of the non-homogeneous panel requires an understanding of the temperature fields. The simple geometry of this particular panel meant that it could be considered as a 2D problem. This is apparent from Figure 1 which is a schematic of the panel installed in a 610 mm square heat flow meter apparatus. The panel segment supplied was 800 mm long so it is shown overhanging the apparatus on its long axis. Analysis of the panel was structured as a combined exercise in thermal modelling using ANSYS, supported by experimental measurements using thermocouples to determine temperatures at key locations on the panel. Since it is potentially more revealing, thermal measurement and modelling were both set up to be performed dynamically, considering the response of the panel to a temperature transient. After pre-conditioning to a uniform 23°C in the heat flow meter apparatus, the hot and cold faces were set to 33°C and 13°C, respectively. This provided a step response that could be modelled using the transient thermal module within ANSYS 14.5. At the same time, it effectively followed the path of a normal heat flow meter measurement, aside from the prescription of a specific isothermal starting temperature.
The proposed thermal measurement setup incorporated flexible buffer materials at the interface between specimen and apparatus plates. We have previously described the use of this procedure in order to minimize errors due to contact resistance and to protect the apparatus plates when measuring hard, uneven materials (Clarke et al., 2016a (Clarke et al., , 2016b . Buffers can provide an additional facility in the case of non-uniform heat flow. In decoupling the test specimen from the isothermal plates, they alter the spatial heat flow profile. By choosing buffers that duplicate typical values of indoor and outdoor surface coefficients, they can create heat flow profiles similar to those that would be expected in service so that the plate-to-plate thermal resistance is analogous to the air-to-air (overall) thermal resistance measured in a hot box. The range of surface coefficient values commonly applied for indoor and outdoor wind speeds is commensurate with the thermal resistance of typically used thicknesses of silicone sponge buffer material. The use of flexible buffers also provides accommodation for thermocouple wires, allowing straightforward attachment of thermocouples to the easily accessible outer surface of the panel to facilitate comparison of measured and modelled temperatures at different locations.
Thermal modelling requires data for both the thermal properties of components and the geometry. The latter are easily derived for a panel of simple rectilinear geometry but two component data values were not precisely known, specifically the conductivity of the MgO boards and the effective thermal resistance of the uninsulated airspaces. Calibration of modelling results against temperature measurement was proposed as a means of obtaining improved estimates for these properties.
The design of the panel afforded the opportunity to add thermal insulation to greatly increase overall thermal resistance and also create greater disparity between the high-conductance and low-conductance heat flow paths. Two different levels of insulation were proposed, along with the uninsulated case in which the open panel ends were covered with tape so as to create sealed airspaces. Additionally, the simple geometrical form of the panel meant that it was amenable to calculation of overall thermal performance using standard calculation procedures for steady-state bridging heat flow.
Setup for thermal measurements
A Fox 600 heat flow meter apparatus was used for the thermal measurements (TA Instruments, 2016) . This instrument has a 610 mm square measurement area with HFTs in both the top and the bottom plate and provides automatic recording of measurement results upon heat flow reaching steady state. The criteria for stability and attainment of steady state may be adjusted to extend the measurement duration. A report file contains a log of plate temperatures (generally constant) and heat flows, top and bottom, at 6-min intervals for the duration of the measurement. This information, and the thickness which is also measured by the apparatus, are used by the software to calculate the thermal resistance and conductivity.
The panel utilized a glued and stapled construction, providing a rigid assembly with good thermal contact between webs and faces. The webs were of slightly thicker material than the faces. Voids were somewhat narrower than their height. The panel width of 600 mm fitted comfortably but the excess length required it to overhang the plates. The instrument can accommodate over-length specimens by leaving front and back doors open. The sides (in this case the core ends) remain insulated from the external environment as usual.
Buffer characteristics were chosen to provide a pair of boundary conditions similar to the surface heat transfer coefficients that apply for exposure to indoor and outdoor air. These coefficients depend upon the panel orientation and the assumed air speed over the faces and thus are lower for outdoor conditions, assumed to be at the colder (upper) face. The chosen buffers were a medium-soft grade of silicone sponge with thermal resistances of about 0.05 and 0.16 m 2 K/W for cold and hot sides, respectively. These are very close to the standard values for horizontal surfaces with 3 m/s outdoor air and still indoor air, respectively. As an alternative strategy, buffers of higher thermal resistance could be used in order to create greater temperature difference and greater spatial variation in temperature.
Panel surface temperature was measured at eight points, shown more clearly in Figure 2 . The Fox-600 has no provision for such measurements so the moreextensive instrumentation system of an adjacent apparatus was used. The system accommodates up to eight external type T thermocouples. The default wiring uses 32 AWG Teflon-coated twisted pair wire, which is robust and flexible but not generally fine enough for precision measurement. It was therefore brought to junction boards on the edge of the panel, where it connected to 40 AWG (0.08 mm) wire running under glass fibre tape to the specified locations.
All parts of the overhanging ends of the panel were insulated with a substantial covering of polyester fibre insulation in order to make them as close to adiabatic as practical. In the case of the uninsulated panel, the open sides (the ends of the cores) were sealed with paper tape, creating five individually sealed airspaces which abutted the insulated sides of the apparatus. The uninsulated case was compared with two different levels of insulation. The first used a single piece of polyester fibre insulation, nominally 150 mm thick, cut to match the width of the voids. The second level used a double layer of the same material, achieving a lower thermal conductivity with compression to double the density (see Figure 3) .
Setup for modelling
The physical properties data required for modelling appear in Table 1 . To obtain a thermal conductivity value for the magnesium oxide material, it was measured in the Fox 600 apparatus using the buffer technique previously described. Thermal conductivity was very high resulting in limited precision. The polyester fibre was measured firstly at a thickness of 132.2 mm which involved slight compression, then measured again with compression to half this thickness for the dual-layer case. The values of specific heat are rounded generic values for these materials. Measurement of the silicone buffer materials in the Fox apparatus was straightforward.
The panel was modelled in two dimensions as a half-shape with a symmetrical boundary on the right side as shown in Figure 5 . Isothermal surfaces were specified across the top and bottom. Since the outer webs were located just beyond the edges of the plate, the isothermal surfaces were extended slightly for the sake of simplicity so that these webs were included, giving a full width of 632 mm. The cantilevered edges of the panel are assumed to be adiabatic and were also removed for simplicity, leaving a simple adiabatic surface as the left-hand edge. Modelling was performed using the transient thermal analysis module in ANSYS 14.5. The eight temperature measurement locations were set up as defined locations within ANSYS to facilitate more-detailed analysis, although their location was placed within the first full airspace away from the half space adjacent to the axis of symmetry ( Figure 5 ). This was in order to allow asymmetric modelling within that airspace if later required. Results appeared to be mesh-independent for grid sizes below 2 mm. Across six heat flow measures, results for a 1 mm grid were different by an average of 0.1% compared with a 2 mm grid. The 1 mm grid, with 54,000 nodes, was computationally tractable and so was then used by default.
Thermal measurement results
Measurement of each insulation configuration began with an isothermal phase with both plates set at 23°C. It took up to 2 h for all eight panel surface thermocouples to indicate this temperature, at which point temperatures were reset to 13°C at the top and 33°C at the bottom to initiate a measurement run. The plates took barely 10 min to re-stabilize, providing a good approximation to a step function for modelling purposes. Equilibration of panel surface temperatures and heat flows then took many hours. The left-hand side of Figure 4 is a plot of the eight surface temperatures for the uninsulated and the single-layer insulation cases. Upon stabilization of heat flow, a measurement was completed in terms of the Fox-600 management program so that data could be collected. The panel was immediately moved 31 mm to the next location and a new measurement started. Uncertainty in R is at 95% confidence level.
Temperature logging continued through this process. A brief temperature spike is visible on the plots corresponding to the plates being briefly opened. Re-stabilization then took less than 30 min so that the second measurement was completed and measurement at the third location then started within a further 2 h. The equilibration curve for the uninsulated case contained an unexpected temperature overshoot of the bottom surface accompanying the initial transient, followed by slow fall in temperature approaching steady state. Anticipating some experimental problem, such as leakage around the sealing tape, the measurement was repeated. Results for this are shown on the right-hand side of Figure 4 , along with the equilibration curves for the dual-layer polyester insulation case. The temperature curves for the repeat measurement are of very similar shape, with the same overshoot. Measured temperatures are considered in more detail in the next section.
Thermal resistance results from by the Fox-600 appear in Table 2 , set out in groups of three corresponding to the three panel positions. Also included are the earlier uninsulated case results, for which alternative buffers were used. Specimen thermal resistance has been calculated by removing the effect of the buffers, as well as their contact resistance, from the measured total (Clarke et al., 2016b) . Results are averages of the top and bottom heat flows and show good agreement between the three sets of uninsulated panel measurements, with the mean values being very close and the standard deviations all being below 1%, even if the extremely similar results for the set of three earlier measurements have not been replicated. Results for both insulation cases are also similar, with standard deviations well under 2%.
Measurement reproducibility for the Fox-600 apparatus with uniform specimens is typically better than 0.2%, suggesting that the bulk of the difference in the case of this panel is due to spatial variation. However, for slowly stabilizing measurements, the apparatus software introduces some additional variability through its imperfect determination of the appropriate end point. Modelled temperature results for the eight defined locations were used to refine those thermal properties values that were not confidently known, specifically those of the magnesium oxide board and the airspaces. The process is indicated in Table 3 which gives a comparison of measured and modelled temperature data taken at 630 min (10.5 h). Starting with the single-layer polyester, modelling suggested that the thermal conductivity of the magnesium oxide material was approximately 0.55 W/m K, this giving the closest agreement between modelled and measured temperatures (lowest mean difference). This is 12% higher than the value measured in the Fox 600 apparatus for the 8.9 mm facing sheet. However, the calculated measurement uncertainty was 20% (at 95% confidence level) due to the very low thermal resistance. Additionally, it is the conductivity of the webs rather than the faces that is more significant for heat flow but the webs were a different, slightly thicker, material. Although density was the same, conductivity might not be, or the material might not be isotropic, recognizing that web heat flow is along, rather than across, the plane. The next section of Table 3 considers the dual-layer polyester insulation and affirms the conductivity value of 0.55 W/m K for the web, this value providing good agreement with measured temperatures. The final section of the table uses the same procedure to arrive at a value for the properties of the uninsulated airspace. In this case, it was not possible to simultaneously obtain close agreement with the top and bottom temperatures. The starting point of 0.76 W/m K derived from the ISO calculation gave reasonable agreement for the top surface while a value of 0.70 W/m K produced a better overall result averaged over both surfaces with a worst-case disagreement of 0.14°C.
Thermal modelling results and analysis
Modified conductivity values derived by the above process are qualified improvements over the starting values because they rely on surface temperature measurement and the presumption that the plates are isothermal. Routine calibration requires agreement within 0.1°C between the embedded plate thermocouples and the external system. This is easily met over the 13°C-33°C range for calibration performed at the centre of the plates in an isothermal environment (both plates at the same temperature). The apparatus plates are highly conductive but the extent of spatial temperature variation, particularly in the presence of a nonhomogeneous specimen, has not been carefully studied. In addition, thermal attachment methods and the properties of covering tapes can affect measurement of surface temperature under an applied temperature gradient. Certainly, each set of temperature measurements is highly consistent and agrees well with the spatial trend predicted by modelling. Using the modified conductivity values from Table 3 , the transient model was run to compare measured and modelled temperatures over the duration of the measurement. Results for the second uninsulated case and for dual-layer polyester insulation are shown in Figure 6 . Results for the single-layer polyester insulation were similar. Considering the uncertainty in thermal properties, including specific heat, overall agreement is very good. However, as expected, the experimentally measured temperature overshoot at the bottom surface of the uninsulated panel was not predicted. Probably for a related reason, modelled temperatures were also lower on the top side over the period following the initial transient. The presence of lateral heat flow due to insufficient edge insulation was considered to be a possibility so the model was run with the left boundary set to a fixed temperature of 23°C (instead of adiabatic). This produced a distorted temperature field near this boundary but there was little change at the reference points with no prediction of an overshoot following the initial transient. The most plausible explanation is transient convective flow within the airspace. A closer study of confined airspace behaviour using computational fluid dynamics might be informative but is beyond the scope of this study, especially since the overshoot is not a factor in the final heat flow values based on steady-state correlations. This also suggested that there was little to gain from seeking more-accurate values of specific heat. Ridouane et al. (2005) and Ouertatani et al. (2008) have studied natural convention in rectangular enclosures with heat from below. However, the transient nature and the existence of multiple adjacent enclosures in this case would result in significant computational complication.
The modelled spatial profile of steady-state heat flux between the centreline of one web and the next is shown in Figure 7 . The near-uniform flux for the uninsulated panel is apparent, indicating that the thermal resistance of the airspace is commensurate with that of the web. In contrast, for the dual-layer polyester case, there is a variation of approximately 2:1 between mid-web and mid-void heat flows at the bottom and a ratio of closer to 3:1 at the top. This exemplifies the averaging effect of the buffers, with a smaller variation associated with a larger buffer resistance. The data presented is for a run time of 18 h (1080 min), by which time steady state had been reached in all cases. The model was also run for periods matching each individual measurement because of concerns that steady state might not quite have been reached (given the shapes of the stabilization curves). Detailed results are presented in Table 4 using mean heat flow as the basis of comparison between experimental and modelled results. The final column of Table 4 shows the model prediction that steady state had indeed not been reached for the two insulated cases which have long stabilization times. The largest error was 1.8% in bottom heat flow for the single-layer polyester fibre. However, the errors in the top and bottom heat flows were similar and in opposite directions for both insulated cases so that the greatest mean error, also occurring in the case of the single-layer polyester, was only 0.4%. Table 4 also shows significant differences between measured and modelled heat flows, the largest individual value being 11.3% for the first measurement of the bottom heat flow of the single-layer polyester. Significantly, all measured heat flows were higher than predicted and almost all fell in value from the first, through the second, to the third measurement. This was not due to the measurement order. Rather, as is evident from Figure 4 , heat flow tended to stabilize at a lower value for each incrementing position. This then would seem to indicate a uniformity limitation with the HFTs, albeit a small one in overall terms. As is evident from Figure 7 , the two lateral steps (62 mm totally) resulted in a worst-case change in heat flow over some locations on the top plate by a factor of almost 3. A simple geometric analysis shows that three measurements experience close to the largest possible variation if they are spaced apart at one quarter of the repeating web dimension and they increase one to the next. For a spatial heat flow profile following a sinusoidal form, the minimum indicated difference over all three values would be 71% of the peak amplitude, occurring when any two values are very similar. On the presumption that the profile form will be at least roughly sinusoidal, the results suggest a maximum possible variation in indicated average heat flow of approximately 4% associated with the positioning of either of the insulated panels relative to the heat flux sensors.
Heat flow data from Table 4 were used to calculate mean thermal resistance at both the end time of measurement and at steady state. Mean thermal resistance was also calculated using the isothermal planes (ITP) and parallel heat flow paths methods, the two common procedures for calculating the effective thermal resistance when there is non-uniform or bridging heat flow (ASHRAE, 2013) . Because of the simple panel geometry, these calculations were straightforward. These results along with the thermal resistance values reported by the Fox 600 apparatus are given in Table 5 . All values are total thermal resistance, including the contributions of the two buffers as the notional surface resistance, analogous to results for overall thermal resistance from a hot box measurement. The measured results are the average of the three measurements for each insulation case.
In the case of the uninsulated panel, the two calculation methods and the modelled results were all in close agreement. However, the HFT-measured value was 4% lower on average. For the two insulated cases, the calculation methods diverged from each other, with the modelled result lying between them but close to the ITP value in both cases. The ITP value is generally regarded as a lower bound but to be closer to the actual value for cases with layers of high lateral conduction (Trethowen, 2000; Van Geem, 1986) . Jones and Jones (1999) propose using weighted combination of the two values, again one that is inclined heavily towards the ITP result for walls with layers of high lateral conductance such as the webbed panel. The modelled results therefore remain consistent with the appropriate calculation, as well as with surface temperature measurement. Given the very simple panel design, with few uncontrolled geometric factors, these results must be regarded as providing good estimates of overall thermal resistance. Averaged over both HFTs, results were lower for both insulation cases, by 6% for the single-layer polyester and 8% in the double-layer case.
The cause of these differences is not clear. The HFT results are internally consistent in that higher levels of non-uniformity and higher thermal resistance are associated with correspondingly lower results, relative to modelling and computation. It is possible that the HFTs do have significant sensitivity to lateral heat flows, as observed previously. However, bias due to this effect should have a value of zero when averaged over all panel positions and so is not consistent with measured heat flow values being low at every test location. The HFTs may simply produce higher output for spatially variable heat flows than for uniform heat flow of the same mean value (as applies at calibration). Error may also be attributed to the different natures of the specimen. Including buffers, the measurement assembly had a total thickness of 167 mm, towards the upper limit of the apparatus range. In addition, the panel was very non-isotropic, particularly in relation to the presence of the highly conductive top and bottom sheets. Under such conditions, the apparatus may provide measurement results that are not consistent with calibration performed with a thin isotropic reference material. Ultimately, it will require additional study to determine the cause of the generally higher heat flow readings for the panel with the Fox 600 apparatus.
Uncertainties such as those given in Table 1 are only meaningful when there is confidence in the extent to which extraneous factors may introduce bias. In the case of the uninsulated panel, ignoring the small non-homogeneities so as to permit the assumption of unidirectional (spatially uniform) heat flow, the measurement may be treated as compliant with ASTM C518. Recourse to the uncertainty guidance given in this standard allows the largely systematic errors to be estimated, producing an uncertainty of 8% in the measured value of thermal resistance at 95% confidence level. This is much higher than the 2%-3% achieved with many measurements because of the substantial thickness of the webbed panel and the requirement for a difference calculation. In light of this larger uncertainty figure, the measured results are not inconsistent with the modelling and calculation results, considering the difference of only 4%. In the case of the insulated panels, there is considerable spatial variation in heat flow, both in the perpendicular direction because of the conductive webs and also in the transverse direction because of the two conductive facing panels. Reliable uncertainty calculation is therefore precluded. However, uncertainty is potentially a lot larger than the measured worsecase disagreement of 8% between the HFT-based measurement and the modelling results. Estimation of the uncertainty associated with the modelling results is not straightforward and has not been attempted. Given the consistency between modelling and calculation values and the simple geometry of the panel, it may be little higher than the uncertainty in measurement of the thermal properties of the more significant component materials, which is around 4%-5%.
Conclusion
Measurement of a non-homogeneous panel using the heat flow meter method has provided results that substantially agree with thermal modelling and standard calculation. The thermal resistance suggested by measurement was lower by about 4% for an uninsulated version of the panel having only slightly non-uniform heat flow and 8% for an insulated version having highly non-uniform heat flow due to the presence of insulation between conducting webs. The uninsulated panel results suggest that factors other than non-homogeneity, such as a relatively high measurement thickness, may have contributed to the lower indicated thermal resistance. Uncertainty in thermal measurement exceeds the above percentage values to the extent that it is able to be calculated. In the case of the insulated panels containing conductive webs, the non-homogeneity precludes such calculation. Thermal modelling results have agreed well with calculation using standard methods. Although uncertainty is difficult to formally estimate, the results from modelling are judged to be more reliable estimates of thermal resistance in this particular case where panel geometry is simple.
Multiple measurements in different locations of a panel with a spatial variance in heat flow exceeding 200% have resulted in heat flow variations of only 62%, suggesting that the HFTs used in the Fox 600 apparatus provide an effective averaging capability. Results with other apparatus may differ.
The heat flow meter apparatus has provided measurements of uncertain accuracy for the complete panel but been useful nevertheless. In the first instance, it has provided thermal properties data for the component materials. Additionally, it has allowed measurement of panel surface temperatures against buffers of known properties abutting isothermal plates, a configuration that has been useful for verifying the predictions of thermal modelling.
The presence of buffer materials decouples the specimen surface from the isothermal hot and cold plates, allowing the surface temperature profile to be a measurable indicator of heat flow for model validation. By matching their thermal resistance to appropriate values of surface coefficient, the buffers have also facilitated the establishment of heat flow profiles that are representative of in-service conditions.
Good agreement has been achieved between modelling and measurement of surface temperatures and between modelling and analytical calculation of heat flux and overall thermal resistance for insulated and uninsulated versions of the panel. The analytical calculations have been practical in this case due to the very simple rectilinear geometry.
Analytical calculations would be impractical for many more-complex shapes. The results have however suggested that thermal modelling may be very usefully supported and validated through measurement of surface temperature adjacent to thermal buffer materials in a heat flow meter apparatus. Results from the apparatus HFTs might not be highly reliable but modelling results acquired in this way could provide an alternative solution when applied to complex or irregular building components for which direct experimental determination of thermal performance is otherwise impractical, especially in regions where hot box test facilities are not readily available.
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